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Abstract Dental implants are prone to bacterial coloniza-
tion which may result in bone destruction and implant loss.
Treatments of peri-implant disease aim to reduce bacterial
adherence while leaving the implant surface intact for
attachment of bone-regenerating host cells. The aims of this
study were to investigate the antimicrobial efficacy of
gaseous ozone on bacteria adhered to various titanium and
zirconia surfaces and to evaluate adhesion of osteoblast-like
MG-63 cells to ozone-treated surfaces. Saliva-coated
titanium (SLA and polished) and zirconia (acid etched and
polished) disks served as substrates for the adherence of
Streptococcus sanguinis DSM20068 and Porphyromonas
gingivalis ATCC33277. The test specimens were treated
with gaseous ozone (140 ppm; 33 mL/s) for 6 and 24 s.
Bacteria were resuspended using ultrasonication, serially
diluted and cultured. MG-63 cell adhesion was analyzed
with reference to cell attachment, morphology, spreading,
and proliferation. Surface topography as well as cell
morphology of the test specimens were inspected by
SEM. The highest bacterial adherence was found on
titanium SLA whereas the other surfaces revealed 50–75%
less adherent bacteria. P. gingivalis was eliminated by ozone
from all surfaces within 24 s to below the detection limit
(≥99.94% reduction). S. sanguinis was more resistant and
showed the highest reduction on zirconia substrates (>90%
reduction). Ozone treatment did not affect the surface
structures of the test specimens and did not influence
osteoblastic cell adhesion and proliferation negatively. Titani-
um (polished) and zirconia (acid etched and polished) had a
lower colonization potential and may be suitable material for
implant abutments. Gaseous ozone showed selective efficacy
to reduce adherent bacteria on titanium and zirconia without
affecting adhesion and proliferation of osteoblastic cells. This
in vitro study may provide a solid basis for clinical studies on
gaseous ozone treatment of peri-implantitis and revealed an
essential base for sufficient tissue regeneration.
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Introduction
Long-term observations of osseointegrated dental implants
have indicated high survival rates [1–3]. However, current
literature depicts that one of the future problems of a
society with an increasing proportion of elderly patients
will be a progressive loss of hard and soft tissue attachment
around dental implants due to peri-implant infections [4].
Peri-implantitis is a bacterial infection characterized by
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inflamed, swollen, and bleeding soft tissues resulting in
suppuration and crater-like destruction of adjacent alveolar
bone of an implant in function [5, 6].
Since bacterial adhesion and colonization has been
implicated to be the main causative factor for the initiation
and progression of peri-implant disease, the implant and
periodontal structures need to be protected from bacterial
invasion and subsequent infection [7]. The initial treatment
of peri-implant infections therefore is based first on the
control of the adhered bacterial cells like the prevention of
early colonization [8] and second on decontamination after
colonization had already occurred. Bacterial colonization
may be prevented or reduced by different surface properties
of the material and/or by the use of antiseptic surface
coatings [9, 10]. For decontamination of dental implants,
mechanical instruments like dental curettes, ultrasonic
devices and air-powder abrasives, laser treatment, treatment
with antiseptics and/or antibiotics are commonly used [10–
14]. The removal of bacteria from implants with hard
mechanical instruments has been reported to be incomplete
and time consuming [15]. Laser-assisted peri-implantitis
therapy makes great demands on an elaborate selection of
proper laser parameters to avoid any inadvertent damage of
adjacent hard and soft tissue structures and surface
characteristics of the irradiated material [16, 17]. The use
of gaseous ozone offers another treatment option to
eliminate bacteria on the implant surface. The bactericidal,
virucidal, and fungicidal effects of ozone as well as the
therapeutic properties, e.g., stimulating the blood flow,
make it beneficial for decontamination [18, 19]. The
antimicrobial effects are based on its strong oxidation
effects on biological macromolecules, particularly (poly)
unsaturated fatty acids and –SH groups, thus affecting
membranes and proteins (enzymes) [20, 21]. For this
reason, ozone appears attractive as possible therapeutic
agent for inflammatory diseases like peri-implantitis.
However, as ozone is also a respiratory irritant, safety
aspects have to be considered.
The host response to bacterial colonization in peri-
implantitis is first of all a mucositis and then a loss of
supporting alveolar bone. In this regard, the bone remodel-
ing process is compromised by the contaminated implant
surfaces [22, 23]. As different decontamination treatments
can damage the implant surfaces they may also modulate
cell interactions and thus could have an influence on the
healing of an ailing dental implant. For example,
osteoblast-like cells demonstrated higher levels of cell
attachment on rough surfaces (e.g., provoked through laser
treatment) than they did on smooth surfaces [24]. In case of
aqueous ozone, the positive effect on oral tissue healing
was demonstrated clinically and histologically [25]. There
is little information on how oral cell and tissues behave on
dental implants treated with gaseous ozone. Concerning a
biomaterial bone interface decontaminated by ozone, data
in respect of mineralized hard substances are missing.
In dentistry, titanium is well known and commonly used
as implant material whereas zirconia, a ceramic-based
material with interesting microstructural properties, has
only recently been introduced clinically [26]. However,
data about early bacterial colonization on zirconia are
scarce.
The goals of this in vitro study were (a) to quantify the
antibacterial efficacy of (a commercial) gaseous ozone
(generator) applied to Streptococcus sanguinis and Prophy-
romonas gingivalis adhered to zirconia or titanium disks,
using chlorhexidine (CHX) as control, and (b) to determine
potential surface alterations after application of gaseous
ozone on zirconia and titanium microscopically as well as
by interactions with osteoblast-like cells, comparing zirco-
nia and titanium in these parameters.
Figure 1 demonstrates the strategy of the investigations:
Bacterial adhesion/early colonization is compared on the
implant materials titanium and zirconia using S. sanguinis
(an early colonizer) and P. gingivalis (frequently associated
with peri-implantitis). Thereto adhesion is allowed to
proceed in the presence of a bacteria saliva serum suspension
imitating the post-surgical subgingival situation. Gaseous
ozone is applied to evaluate bactericidal effects. Possible
surface alterations of the dental implant materials by gaseous
ozone are analyzed by scanning electron microscopy (SEM).
The influence of ozone-treated materials on adhesion of
osteoblastic cells (MG-63) is analyzed with special reference
to cell attachment, morphology, spreading, and proliferation.
These results are expected to help evaluate gaseous ozone as
a potential treatment option for peri-implant disease and to
contribute to further applications of zirconia as a new
biomaterial in dental implantology.
Materials and methods
Materials and ozone system
As both, bacterial adhesion and cell behavior are different
on smooth and rough surfaces, both types of both materials
are included to observe effects of ozone. The test materials
(Straumann AG, Basel, Switzerland) were prepared as disks
(5.0 mm in diameter) of titanium and zirconia in two
surface qualities each, described in Table 1 and illustrated in
Fig. 1. They were sterilized by gamma irradiation,
incubated (conditioned) in a sterile saliva serum mixture
(10:1, see below) during 15 min at 35°C, and then directly
used in the microbiological experiments. For the cell
experiments, sterile disks were used directly.
Ozone treatment was carried out with an OZOTOP unit
(TIP TOP TIPS Sàrl. Rolle, Switzerland; 140 ppm; 2 L/min).
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A sterile specially formed perio-tip, attached to the hand piece,
was hand-guided over the whole specimen area analogous to
clinical procedure. It was applied with the two minimal and
maximal treatment times of 6 and 24 s preselected by the
manufacturer.
Surface roughness was quantitated using confocal white
light microscopy (QS04358). Three measurements per
disks were performed.
Microbiological experiments
Reference strains of S. sanguinis (DSM 20068) and P.
gingivalis (ATCC 33277) were cultured in Schaedler broth
(BBL™, Becton Dickinson, Basel, Switzerland) and Thio-
glycolate Vision Broth (Biomérieux, Meyrin, Switzerland),
respectively. Human saliva was collected and prepared as
previously described [27]. After growing until stationary
phase (16 h for S. sanguinis and 4 days for P. gingivalis,
anaerobic incubation) the bacteria were washed in 0.9%
NaCl and resuspended in a freshly prepared mixture of nine
volumes of pooled frozen human saliva (13 donors) and
one volume of pooled frozen serum (five donors) to a
concentration of 108–109 CFU mL−1. This bacteria saliva
serum suspension was chosen to imitate the post-surgical
subgingival situation. Afterwards, the disks were placed at
the bottom of 24-well plates (BD, Basel, Switzerland) and
exposed to the bacterial suspensions for 2 h at 35°C. The
plates were put on a shaker at 240 impulses/min to maintain
the homogeneity of the suspension.
To assess the inhibitory action of the ozone system, the
disks were handled as previously described [28]. Bacteria
on the top side were then exposed to the gaseous ozone for
6 or 24 s. In addition to the untreated control disk, one
sample was treated with chlorhexidine (2%, 30 s) for
comparison. This relatively high concentration was chosen
because the 0.2% usually used to irrigate subgingival
pockets have been considered only weakly bactericidal or
ineffective [12]. Each condition was tested in at least four
independent experiments.
To harvest adherent bacteria, each disk was suspended in
3 ml 0.9% NaCl, vortexed for 60 s and sonicated for 15 s
(30 W, 20 kHz; VibracellTM, Ultrasonic Processor, Sonics,
Newtown, PA, USA). Viable bacteria were determined by
culturing appropriate dilutions. Colonies were counted after
2 days (S. sanguinis) and 10 days (P. gingivalis) of
incubation and CFU was calculated per disk. Minimal
CFU detectable was ≥30 CFU per disk.
Cellular experiments
In vitro experiments were performed by culturing human
osteosarcoma cells (MG-63, ATCC) on each material. Cells
Dental implant materials titanium or zirconia, two surfaces each
Ozone application 6s or 24s
to bacteria adhered to disks
+ control groups
Microbiological
experiments 
Adhesion of S. sanguinis or P. gingivalis
during 2 h on conditioned disks
titanium vs zirconia 
Number of adhered 
bacteria 
titanium vs zirconia 
Number of surviving
bacteria
Ozone treatment   6s or 24s
+ control group
Analysis of cell 
adhesion and 
proliferation
Cellular
response 
Osteoblast-like MG-23 
cells seeding on disks
titanium vs zirconia 
titanium vs zirconia 
Ti-SLA /    Ti-P             Zr-A / Zr-P
Surface
inspection
Fig. 1 Diagram of the study
design; see text for explanation;
abbreviations of the dental im-
plant materials in Table 1
Table 1 Dental implant materials used in this study and average surface roughness Sa (micrometers)
Type of material Surface property Saa (μm) Abbreviation Manufacturer
Titanium (commercial pure
titanium, ASTM grade II)
Sand-blasted, large-grit, acid-etched 1.554 (±0.029) Ti-SLA Straumann AG
Basel SwitzerlandPolished 0.012 (±0.001) Ti-P
Zirconia (yttria-stabilized
tetragonal zirconia polycrystal)
Acid-etched 0.356 (±0.081) Zr-A
Polished 0.009 (±0.001) Zr-P
a Provided by Straumann AG
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were maintained as subconfluent monolayers in Minimal
Essential Medium supplemented with 10% fetal calf serum
and 1% penicillin–streptomycin (all Sigma-Aldrich, Buchs,
Switzerland) at 37°C in a humidified atmosphere of 5%
CO2. Medium was changed twice a week and cells were
passaged at 80–90% confluence using 0.05% trypsin-EDTA
(Gibco, Basel, Switzerland). Cells were used for experiments
no later than passage 4 and seeded on disks at a density of
10,000 cells/cm2. Determination of cell morphology, attach-
ment, spreading, and proliferation was performed after
incubation for 1, 4, and 24 h. All experiments were repeated
in duplicates with n=5 for an independent experiment.
For the evaluation whether cell morphology was affected
by the substrate type, cells were fixed with 4% paraformal-
dehyde supplemented with 0.5% glutaraldehyde and dehy-
drated in a grade series of ethanol (50–100%). After sputter
coating with gold–palladium, the specimens were examined
by scanning electron microscopy (Philips XL-30, Nether-
lands). Images were recorded at ×500 magnification.
Cell attachment and spreading was examined by immuno-
cytochemical staining of fixed cell cultures by the use of 4%
paraformaldehyde. Nuclei staining was performed using 4′,6-
diamidin-2phenylindol (DAPI), and actin cytoskeleton was
stained with Alexa Fluor® 488 phalloidin (both Sigma-
Aldrich, Buchs, Switzerland). Each five images were recorded
of all material samples at ×10magnification using a fluorescent
microscope (Nikon, 90i, Switzerland). Calculation of the area
of attached cells as well as counts of nuclei was performed
using the Visiopharm software Version 7 (Denmark).
Statistical data analysis
One-way ANOVAwas used to determine whether there was
a statistically significant difference in each biological assay
performed on the dental implant material compared with the
titanium SLA surface. P values of <0.05 were considered to
be statistically significant.
Results
Bacterial adhesion to titanium and zirconia
During the adhesion period of 2 h, bacterial viability and
the pH in the bacteria saliva serum suspension remained
constant. The suspension can be considered as a resting cell
suspension [27].
Adhesion of S. sanguinis and P. gingivalis cells to titanium
SLA surface was significantly higher by a factor 2–4 than on
titanium-polished surface and zirconia both surfaces (p<
0.01; Fig. 2). Adhesion of S. sanguinis and P. gingivalis cells
occurred to a higher extent on the rougher surface of both
dental materials than on the polished surfaces.
Effects of gaseous ozone on bacteria adhered to titanium
or zirconia disks
A dose-dependent effect was expected to be detectable by
applying the minimal and maximal time settings of the
ozone generator. Indeed a gradual difference is seen in the
results summarized in Tables 2 and 3.
While chlorhexidine treatment reduced viable S. sangui-
nis counts to below detection limits, gaseous ozone
application only resulted in reductions of 0–91.7%. The
application of gaseous ozone during the longer time of 24 s
on S. sanguinis cells adhered to zirconia surface showed the
highest decontamination effects of 90.7% (acid-etched
surface) and 91.7% (polished surface).
On the other hand, P. gingivalis was much more sensitive
to ozone treatment, as gaseous ozone applied for 24 s was
able to eliminate P. gingivalis cells to below detection limit
from all surfaces.
Surface topography of the disks after ozone treatment
SEM analysis (Fig. 3) demonstrated a characteristic
microstructure of the SLA surfaces obtained by the large-
grit sandblasting process resulting in cavities, which were
overlaid with micro pits due to the acid etching treatment.
On the other hand, zirconia disks were only etched resulting
in a microstructured surface. Consequently macro rough-
ness of SLA surfaces was significantly higher on SLA
titanium surfaces than on etched zirconia surfaces. Quantitative
measurements of the surface roughness resulted in fivefold
higher roughness on titanium SLA surfaces (Sa=1.554 μm)
compared to etched zirconia (Sa=0.356 μm) as expected
(Table 1). SEM (Fig. 3) and surface roughness of the polished
titanium and zirconia indicated no morphological differences
between both surfaces as a result of the grinding process.
Both surfaces were smooth and even demonstrating very low
and equivalent surface roughness, whereby polished zirconia
showed small remains of aluminum oxide.
The surfaces of titanium (SLA and polished) and zirconia
(acid-etched and polished) showed no changes by the
treatment with gaseous ozone as observed by SEM (Fig. 3).
Fig. 2 Adhesion of bacterial cells during 2 h in a saliva serum
suspension on conditioned titanium SLA (Ti-SLA) and polished (Ti-P)
surfaces in comparison to zirconia acid-etched (Zr-A) and polished
(Zr-P) surfaces. Mean and S.D. are given (n=4)
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Cell morphology and spreading
When MG-63 cell were seeded on different substrates, cells
showed a typical spherical morphology after 1 h in the
process of initial adhesion (Fig. 4a, b, g, h). Thereby the
morphology of cells did not differ in comparison between
titanium and zirconia surfaces. Another 3 h later (4 h after
seeding), individual cells were flat in appearance on
polished surface indicating an efficient cell material
interaction (Fig. 4c, i). However, cells on titanium-sand-
blasted, large-grit, acid-etched (Ti-SLA) and zirconia-acid-
etched (Zr-A) surfaces did not show the same flattened
shape as on polished surfaces, but started to form
filopodia to explore the surface (Fig. 4d, k). By 24 h,
cells on all surfaces had become flattened and were
uniformly distributed across the surface, whereby cells
on Ti-SLA preferred the large cavities. Moreover, cells
partially formed cell clusters, although never reaching
confluence (Fig. 4e, f, l, m).
Cell spreading was examined at all time points and the
percent area was quantified of surface covered with cells
applying the image analysis (Fig. 5). After 1 h, the cell
cytoskeleton expansion was lower on titanium compared to
zirconia surfaces. Thereby, the lowest expansion was detected
on titanium-polished (Ti-P; 0.56%) disks and the highest on
Zr-A (3.36%). However, cells on all surfaces explored the
surfaces after 24 h of proliferation without a significant effect
by the surface treatment. Ozone-treated surfaces tended to
result in a higher cell spreading after 24 h especially on
polished surfaces (Fig. 5). Higher percentage of cell spreading
was always observed on polished surfaces than on Ti-SLA
and Zr-A samples due to the adaptation of the cell structure
into the macro and micro cavities causing a larger cell surface.
Cell proliferation
Immunocytochemistry (DAPI staining) and quantification
of nuclei per image area were performed to assess the
Table 3 Viable P. gingivalis cells released from untreated and treated surfaces
Treatment Ti-SLAa Ti-P Zr-A Zr-P
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Untreated
control
4.6b×105 0 6.4×104 0 2.3×105 0 4.7×104 0
Chlorhexidine
2%
b.d.l.c >99.99 b.d.l. c ≥99.95 b.d.l. c ≥99.99 b.d.l. c ≥99.94
Ozone 6 s 6.2×102 99.9 1.0×103 98.4 3.7×102 99.84 45 99.9
Ozone 24 s b.d.l. c >99.99 b.d.l. c ≥99.95 b.d.l. c ≥99.99 b.d.l. c ≥99.94
Untreated samples served as negative control whereas treatment with chlorhexidine served as positive control
aMaterials as in Table 1
bMean of four experiments
c Below detection limit (30 CFU/disk)
Table 2 Viable S. sanguinis cells released from untreated and treated surfaces
Treatment Ti-SLAa Ti-P Zr-A Zr-P
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Viable
bacteria
% killed
bacteria
Untreated
control
8.8b×105 0 2.0×105 0 2.9×105 0 1.1×105 0
Chlorhexidine
2%
b.d.l.c >99.99 b.d.l.c 99.99 b.d.l.c 99.99 b.d.l.c 99.97
Ozone 6 s 2.3×105 73.9 3.3×105 0 4.3×104 85.2 5.5×104 50.0
Ozone 24 s 9.0×104 89.8 8.0×104 60.0 2.7×104 90.7 9.1×103 91.7
Untreated samples served as negative control whereas treatment with chlorhexidine served as positive control
aMaterials as in Table 1
bMean of four experiments
c Below detection limit (30 CFU/disk)
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proliferation behavior of the MG-63 cells seeded onto
different surfaces. Figure 6 shows the average nuclei count
per substrate. Initial adhesion after 1 h showed the highest
cell numbers on Zr-A treated with gaseous ozone for 24 s
(94 nuclei) and the lowest number on untreated Ti-P
samples (16 nuclei). Surface treatment with gaseous ozone
did not affect initial cell adhesion on Ti-SLA, but did
slightly enhance cell numbers on all other surfaces (Ti-P, Zr-
A, zirconia polished (Zr-P)). After 4 h, the cell number was
observed to be almost similar on all surfaces independent of
the treatment. Nevertheless, after 24 h the highest cell
numbers was detected on all Ti-SLA surfaces (125–137
nuclei). Slightly lower cell numbers were quantified on all
ozone-treated samples (100–127 nuclei), whereas the
lowest cell proliferation was shown on Zr-P (control; 64
nuclei). Based on the initial cell number after 1 h of
seeding, all cultures demonstrated a twofold cell growth
after 24 h except cultures on Zr-A (24 s ozone-treated),
which showed no proliferation.
Discussion
Failure of dental implants may occur by peri-implantitis
and/or lack of osseointegration. Since bacterial infection is
one of the main causes of peri-implantitis, both reduced
bacterial colonization on and elimination of bacteria from
the surface of dental implants are required to treat, and even
to prevent, peri-implantitis. Therefore, it was the aim of this
study to investigate the antimicrobial efficacy of gaseous
ozone on bacteria adhered to various titanium and zirconia
surfaces. It could be demonstrated that gaseous ozone
disclosed a selective efficacy to control adherent bacteria on
both materials without causing any surface damages. The
results of cellular response revealed an essential base for
sufficient tissue regeneration.
The bacteria saliva serum suspension was used to
simulate in vivo conditions as closely as possible. As soon
as the material is implanted, it comes into contact with
saliva and blood and the surface of the material will be
covered with some of their compounds to which bacteria,
present in abundance, then adhere. This experimental
system allowed the detection of 3–4.5 log reduction of
adhered bacteria by treatment with CHX or ozone.
Adhesion of bacteria on titanium implants has already been
described both in vivo and in vitro. Dominant factors
influencing bacterial adhesion are surface free energy and
chemical composition, and particularly surface roughness of
the material [9, 27, 29, 30]. In several different test systems,
rough surfaces promoted bacterial adhesion whereas smooth
surfaces minimized it. We found a lower bacterial adhesion
on titanium-polished surface (Sa, 0.012 μm) in comparison
to SLA surface (Sa, 1.554 μm) in the presence of absorbed
proteins which is in line with the few previous reports.
Comparative studies for zirconia are scarce. Hisbergues et al.
[26] concluded that zirconia might show a lower bacterial
colonization but saw a need for further studies, particularly
in the presence of absorbed proteins of a saliva serum
pellicle. The present investigation provides some of these
data for zirconia. It confirms expectations that zirconia,
under the conditions used, showed lower bacterial adhesion
than titanium. The results demonstrate that zirconia may be a
suitable material for implant abutments with a lower
colonization potential. The fact that S. sanguinis adhered to
a higher extent to both materials than P. gingivalis could be
related to its nature as a first colonizer.
To eliminate bacteria from the subgingival implant
surfaces, mechanical instruments have been generally used.
Fig. 3 Representative scanning electron micrographs showing the surface roughness of untreated materials (top row) and surfaces treated by
ozone for 24 s (bottom row). a Ti-P, b Ti-SLA, c Zr-P, d Zr-A. Magnification ×500; bar=50 μm
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Fig. 4 Representative SEM
images of osteoblastic cells
cultured on polished and etched
titanium as well as zirconia.
a Ti-P, b Ti-SLA, g Zr-P, h Zr-A
seeded with cells for 1 h;
demonstrating the initial
adhesion. c Ti-P, d Ti-SLA,
i Zr-P, k Zr-A seeded with cells
for 4 h; demonstrating cell
attachment. e Ti-P, f Ti-SLA,
l Zr-P, m Zr-A seeded with cells
for 24 h; demonstrating cell
growth. bar = 10μm (a, b, g, h)
and 100μm (c-f, i-m)
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Some of these instruments have been reported to damage
the implant surface structure and cause metallic contami-
nation or adhesion of abrasive powder to the implants
fixture. In the present in vitro study, gaseous ozone was
used which had quite some bactericidal activity, while
material surfaces both, titanium and zirconia, did not
change by the treatment.
The study demonstrated a drastic reduction of adhered S.
sanguinis on titanium material, both surfaces, by gaseous
ozone, particularly after application for 24 s. However, the
reduction did not match with that achieved by CHX. The
results are in accordance with other in vitro findings
showing that ozone had an antibacterial effect on bacteria
suspended in pure water, but was less effective when cells
were embedded in a biofilm or organic material [31, 32].
The saliva serum mixture used for the adhesion assays
could have a protective effect due to strong interactions of
the ozone with organic material. Similar lack of efficacy on
carious lesion by gaseous ozone was observed in two in
vivo studies where a different ozone generator (HealOzone)
was employed [33, 34]. These authors suggested that
interactions with organic material reduced the antimicrobial
activity of ozone gas in vivo. It may be a common problem
when gaseous ozone is applied in the oral cavity in the
presence of organic material and will prevent achieving
rapid and effective disinfection of colonized surfaces (teeth
and implants).
However, under the current conditions gaseous ozone
was able to eliminate P. gingivalis cells from all surfaces. It
produced a similar decontaminating effect as 2% CHX used
as a control. The higher sensitivity to ozone of P. gingivalis
cells could be explained by the anaerobic nature of these
bacteria.
Some studies documented a significant effect of ozone
gas against oral bacteria [35–37]. The results are difficult to
compare, because the ozone concentration was higher (e.g.,
2,100 ppm HealOzone) and/or the treatment time was
longer (e.g., 10 min), and/or other bacterial species were
tested in other oral or in vitro environment. For a clinical
application, this may suggest use of equipment providing
higher ozone dose to achieve elimination of S. sanguinis
cells.
The application of gaseous ozone during the longer time
of 24 s on S. sanguinis cells adhered to zirconia surface
showed around 91% killed bacteria. The question remains
unanswered whether such a reduction of viable bacteria is
of biological significance. It is most likely, that bacteria
established on a surface, even when reduced by 91%, will
re-grow within hours once environmental conditions become
favorable again. It should be of substantial interest to eliminate
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Fig. 5 Quantification of cell spreading per surface by actin staining. MG-63 cultured for 1, 4, and 24 h on different surfaces: Ti-SLA, Ti-P, Zr-A,
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not only bacteria associatedwith peri-implantitis but also early
colonizers like S. sanguinis. Early bacterial colonization of
peri-implant pockets is characterized by an increase of
streptococci creating the pre-conditions for adhesion of
periodontal pathogens which in turn can induce peri-
implantitis [38, 39]. It could be assumed that a longer period
of application of gaseous ozone or a higher dose could have
an improved effect on S. sanguinis adhered to zirconia
surface. The time of application of gaseous ozone was used
according to the manufacturer's instructions. A prolonged
time was not addressed in this study and represents an area
for future research focused on zirconia implant material.
However, regarding the potential toxicity of ozone, ozone
should not reach a concentration above permitted levels both
in the patients' respiration tract and in the surrounding air of
the dentist. Several guidelines recommend safety limits of
0.1 ppm ozone in air for an 8-h continuous exposure. What
ozone levels in the oral cavity would result from the use of
the Ozotop device has, to our knowledge, not been
determined. While HealOzone was determined to be safe to
use, another generator (without adequate suction) resulted in
ozone concentrations above permitted levels [40]. Therefore
a safe dose and time of exposure should be considered and
carefully evaluated.
Besides, it has to be taken into account that the implant
material is in direct contact with the surrounding tissue such
as bone and soft tissue. In this context, the implant has to
remain biocompatible and non-toxic also after treatment
with ozone. Therefore, the present study also included a
supplemental evaluation of a possible effect on osteoblast-
like cell behavior with regard to cell adhesion and
proliferation. Because not only surface topography and
roughness but also surface chemistry can affect the tissue
regeneration [41]. Cell adhesion results obtained by SEM
and immunocytochemistry of the cytoskeleton showed no
differences between zirconia and titanium material. The
study confirmed that surface roughness had a more
significant influence on cell adhesion and proliferation,
which was recently shown by other in vitro studies [42–44].
The experiments showed a slight reduction on cell
spreading on rough (Ti-SLA, Zr-A) versus smooth surfaces
confirming previous studies [45, 46] where cells on smooth
surfaces were more flattened, but mainly spherical on rough
surfaces. Independent of the material or topography, cell
showed a good and consistent cell proliferation. Interest-
ingly, cell proliferation after 24 h showed no influence of
previous ozone treatment on titanium SLA surfaces.
However, cell numbers on all other surfaces slightly
increased when treated with ozone prior to the seeding.
This observation indicates a slight effect on surfaces with
lower roughness (Zr-A, Ti-P, Zr-P). This might be due to a
cleaning effect of the surface treatment by ozone. Ozone
untreated 6s ozone 24s ozone
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treatment for 6 or 24 s did not harm osteoblast-like cells,
whereby the presented study did not yet include the
differentiation aspects concerning extracellular matrix mat-
uration, growth factor release and the expression of specific
osteoblastic markers.
Three of the test surfaces, titanium (polished) and zirconia
(acid etched or polished) yielded lower bacterial adhesion and,
thus, may be suitable material for implant abutment. Appli-
cation of gaseous ozone at 140 ppm for 24 s eliminated P.
gingivalis but not S. sanguinis to below detection limit from
all surfaces. This ozone treatment did not negatively affect
adhesion and proliferation of osteoblast-like MG-63 cells on
the titanium and zirconia surfaces tested. Further optimiza-
tion is required to develop the procedure into a potential
treatment of peri-implant infections.
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